Situations of Japanese biomass in terms of resource, utilization technology, and system evaluation are reviewed.
Introduction
In developing countries, biomass is utilized mainly for cooking and heating. In developed nations, however, biomass is also used in sophisticated ways to generate power, as well as to produce alternative gaseous and liquid fuels, chemicals, and other bio-based materials. In Japan, a feed-in tariff (FIT) system was introduced in 2012 to enhance the introduction of renewable electricity, and several wood-fired power stations have been built, each with a capacity greater than 5 MW. The number of such power stations is expected to increase 1) . In other power plants, dry biomass is mixed with coal for use as fuel to generate heat and electricity. This co-firing is often employed by the large scale coal fire plant. Additionally, the Japanese government intends to distribute 850 dam 3 (850,000 kL) of bioethanol (equivalent to 500,000 m 3 of oil) as E3 by 2017 2) , although ethanol is blended with gasoline only after conversion to ethyl tertiary butyl ether. On the other hand, biodiesel fuels, produced mainly from waste cooking oil, has been used to replace diesel in small towns and communities, either as B5 (5 % blend of biodiesel in diesel oil) or B100
(neat biodiesel). The amount of biodiesel consumed is around 15 dam 3 3)
. Finally, anaerobic technologies have been employed to treat waste properly and to recover energy for it, but these processes are not economically viable without adequate support mechanisms like FITs or subsidies.
As the reason of these situations, incentives to utilize biomass in Japan are numerous and diverse: depletion of fossil fuels, reduction of greenhouse gas (GHG) emissions, revitalization of the forestry industry, utilization and disposal of unused and waste biomass, and creation of new businesses and jobs. In our opinion, the strategy to utilize biomass in Japan should focus on specific purposes to make domestic and international situation better.
The main purpose of the domestic strategy should be to revitalize primary industries, particularly forestry, by converting waste and unused biomass to heat and electricity. To illustrate this strategy, we examine 1st generation bioethanol as an example, since 2nd generation bioethanol still remains in research and development.
Ethanol can be produced rather easily from sugars and starch and its production from rice, wheat, and sugar beet has been demonstrated in Hokkaido and Niigata 4) . Thus, it should be plausible to also produce bioethanol from rice planted in Fukushima Prefecture where nuclear accident occurred. The advantages of bioethanol production in this region have been described previously 5) 6)
. While production cost is expected to be rather high, it will be offset by revitalization of the regional economy through creation of available for use 7) . In the end, it seems that 200 EJ is more plausible, because of competition for land, but effort should nevertheless be expended to achieve 500 EJ through technological development and international collaboration.
Available biomass resources in Japan are shown in Table 1 , based on information from the Ministry of Agriculture, Forestry and Fisheries 8) . The maximum available biomass is believed to be 11 Tg-C, or 11 million tons on a carbon basis, based on the assumption that biomass currently not in use will become partly available in 2020.
In this table, black liquor is already almost fully exploited to produce heat and chemicals, so no additional energy is expected from this source even in 2020, unless current technology is replaced with more efficient alternatives. On the other hand, available forest residue is 1.2 Tg-C, which is 30 % of its potential, 4 Tg-C. Availability will increase if artificial forests are thinned properly and regularly. In 2011, only 5 %, or 5,500 km 2 (550,000 ha), of national and privately owned forests was thinned 9) . Since the total area of artificial forest is 103,500 km 2 , and thinning is usually done every 6 years, 17,300 km 2 may be safely targeted, which is three times larger than the present area. Available forest residue will increase by 30 % in 2020, but will grow up and eventually approach 4 Tg-C. In any case, forests should be properly managed, because more residue will be consumed when thinning is increased.
The total potential biomass is about 30 Tg-C, corresponding to roughly 1.2 EJ. It is important to fully utilize these biomass resources with the greatest efficiency in order to revitalize forestry and local economies, as well as to reduce greenhouse gas (GHG) emissions. Unfortunately, it is hardly possible for Japan to rely on energy crops because of limited land and prohibitive production cost. because of low efficiency. In this case, power is generated by gasification, which produces combustible gases that fuel gas engines or turbines. Nonetheless, gasification has not been adopted so far because of higher construction cost per kW, and because of unstable operation due to factors like 1 Tg = 1 million ton tar production.
There are numerous types of gasifiers, including downdraft and updraft fixed-bed, entrained bed, fluidized bed, and rotary kiln, each with its own advantages and disadvantages. Reaction conditions such as temperature, operating pressure, feeding system, and gasification agent are also variable. In any case, the tar inevitably produced in the process presents a big operational challenge, because it fouls up in the power generator, and additional cost may be required to maintain the plant. Another factor that contributes to unstable operation is heterogeneity of feedstock in terms of wood species, size, moisture content, heating value, and ash content. Thus, there is a strong need to build compact and efficient gasifiers at reasonable cost, in accordance with FIT requirements.
Co-firing is the process of burning a blend of biomass and coal. In this case, biomass is used as a supplement, and represents about 3 % or less of the fuel burned. Co-firing is easy to implement, because most coal-fired power plants in operation can burn biomass directly, even though existing boilers may have to be retrofitted to maximize efficiency.
In Japan, all of 10 electric companies operate or plan to operate co-fired power plants 11) 12)
. . Thus, to estimate GHG emissions from 2nd generation bioethanol, it is only necessary to evaluate the energy required to pretreat and hydrolyze cellulose.
2nd generation bioethanol
Unfortunately, this estimation cannot yet be properly done, because 2nd generation bioethanol has never been produced yet on a large scale. Hence, GHG emissions from 2nd generation bioethanol are likely underestimated at present.
It is noteworthy to examine the history of bioethanol production from lignocellulosic materials, as depicted in Table 2 16)
. The discovery that sugar is produced when wood is reacted with sulfuric acid was made in 1819. Since then, .
In Japan, anhydrous ethanol was produced from wood at the scale of 50-60 Mg/d via the Scholler process.
It should be emphasized that 2nd generation bioethanol was produced in wartime even at very high production cost. .
Biodiesel fuel
Biodiesel is a combustible fuel based on vegetable oil and composed of fatty acid methyl ester (FAME Recently, research and development has focused on direct production of hydrocarbons instead of FAME, hydrocarbons being superior in compatibility with engines and stability during storage 22) . Hydrocarbons are produced through hydrogenation, a process that costs less and uses a more flexible range of feedstock. The technology is in demonstration, and requires integration into an oil refinery to avoid building a unit dedicated to hydrogen production, as well as to maintain excellent fuel quality. Co-processing plants exploit the hydrotreating capacity of conventional .
In spite of such advantages, a number of challenges must be resolved to achieve commercial production. Even though systems analysis
indicates that there could be significant economies of scale, the economics remain challenging unless improvements in productivity and performance are achieved, along with reduction in energy use.
In addition, algal production remains too expensive for fuel production alone. Hence, there is a need to produce products or services with higher value in addition to fuel . Open pond systems are likely to be cheaper than photobioreactors, because they require minimal plant construction, artificial lighting, and maintenance. Cost and performance principles are well understood, although the room for further development and innovation is probably limited. However, contamination with other microorganism remains an issue, one that should be avoided or managed because crops may get damaged. Although there is room to improve performance and productivity via genetic modification, its application is necessarily restricted.
On the other hand, photobioreactors face their own issues. Current work centers on closed photobioreactor designs, and on ways to maximize photosynthetic efficiency and control metabolism and productivity. These can be achieved by shading, employing a vertical design, or increasing biomass density. However, high-density cultures perform better with more vigorous mixing, and thus require more energy, so an optimum balance must be sought.
Furthermore, more vigorous mixing can generate shear effects through bubbling or flow, which eventually can lead to high incidence of fouling. Finally, some algae produce inhibitors at high densities, so such phenomenon needs to be avoided. Another factor being examined is the use of light guides, and research is being conducted to understand the flashing light effect as algae traverse light and dark zones. A key and related issue is light density, as maximum productivity is obtained only in bright light.
Recent ly, applied a nd basic st udies by t he . These studies include gene modification and mutation to induce higher production and stress tolerance, to manipulate substrate selectivity, to accelerate growth, and to exploit circadian rhythms. Although it will take some time before these studies are applied, we anticipate that novel technologies derived from them will be implemented.
Anaerobic digestion
Anaerobic digestion is biological degradation of .
Biogas can be used essentially in the same manner as natural gas, and is considered renewable. Biogas can power an internal combustion engine or a micro gas turbine that drives a generator to produce electricity or heat. Biogas can also be used in transportation as fuel for modified internal combustion engines. Furthermore, biogas technology can be applied to advanced applications such as microbial fuel cells, in which specialized microorganisms digest biomass to generate hydrogen-rich biogas 28) . . In any case, an oil refinery or a coal-derived oil production plant is significantly larger than a biomass-fired plant. For example, a large power station fueled by biomass generates around 50,000 kW, and consumes 2,000 to 3,000 t/d of biomass, depending on efficiency and heating value of the feedstock, and assuming 50 % moisture content. This small scale of biomass plant is one of the cause of economic difficulties. Three years after an FIT system was adopted, several wood-fired plants with capacity around 5 MW have become operational. However, the market might already be approaching a ceiling due to unavailability of woody biomass.
Thus, power generation by gasification at a scale smaller than 1 MW is strongly recommended. Furthermore, it is imperative that society should increasingly adopt FITs, and should review and revise the electricity price from time to time.
